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A B S T R A C T
We report, for the first time to our knowledge, an ultrabroadband mid-infrared (MIR) emission in the range of
1800–2800 nm at room temperature from a Cr2+-doped chalcogenide glass ceramic embedded with pure hex-
agonal (wurtzite) β-ZnS nanorods and study the emission-dependent properties on the doping concentration of
Cr2+. A new family of chalcogenide glasses based on (100− x) Ge1.5As2S6.5 – x ZnSe (in mol.%) was prepared by
melt-quenching method. The Cr2+: β-ZnS nanorods of ˜150 nm in diameter and ˜1 μm in length were grown in
the Cr2+-doped glass after thermal annealing. The compositional variations of glass structures and optical
properties were studied. The crystalline phase, morphology of the thermally grown nanorods, and the micro-
scopic elemental distributions were characterized using advanced nanoscale transmission electron microscopy
analyses.
1. Introduction
Broadband and tunable mid-infrared (MIR, 2–5 μm) light sources
are indispensable for a variety of applications including but certainly
not limited to molecular spectroscopy, environmental monitoring, and
non-invasive medical diagnostics [1]. Divalent transition metal ions
(TM2+: e.g., Cr2+/Fe2+ etc.) doped IIeVI chalcogenide (ChG) semi-
conductors (e.g., ZnS/Se etc.) have emerged as excellent MIR gain
media, thanks to the following advantages including: ultrabroadband
emission in the range of 2–5 μm, large stimulated emission cross-section
(˜10−18 cm2), high quantum efficiency (> 70%) and being readily ac-
cessible to a number of commercially available pump sources (e.g.,
Er3+ or Tm3+ doped high power fiber lasers) [1–4]. Breathtaking
progress has been made in the development of MIR lasers based on
Cr2+ doped ZnS/Se crystals such that high-power (> 10W) continuous
and ultra-short pulsed (< 50 fs) MIR lasers have been realized [3].
However, the thermal lensing effect due to the relatively large
thermo-optic coefficient of the TM2+: II–VI crystals poses a serious
constraint to laser beam quality and output power upscaling. The use of
waveguide structures (e.g., in plane or fiber form) obtained by in-
corporating Cr2+: ZnS/Se crystals in glass hosts to confine the mode
propagation could be a viable solution to this problem [5–8]. Such a
“phosphor-in-glass” strategy demands for compatibility between the
materials properties such as refractive index matching. In this respect,
chalcogenide glasses (ChGs) are ideal materials of choice because of
large refractive indices (> 2.0) that can be varied in a large space on
demand, excellent IR transparency (up to 8 μm in sulfide glasses) and
relatively low melting temperatures that are necessary for the minimum
corrosion on the incorporated II–VI crystalline powders [5,6,9]. Both
theoretical and experimental studies have demonstrated the lasing
feasibility of the Cr2+: ZnS/Se powders in ChGs [5,10]. Of particular
interest is the demonstration of random lasing (RL) based on the Cr2+:
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ZnSe/ChG glass composites, which opens the way for the design of MIR-
active fiber lasers at low costs [5]. Random lasing has been realized
from both the Cr2+: ZnS/Se micro- and nano-crystals (NCs) so far
[11,12].
Previously, the incorporation of II–VI crystals in ChGs has been
realized by two ways: a) low temperature melt-quenching [5,6], and b)
hot-pressing of II–VI crystalline powders with ChG glassy powders in
vacuum [8,13]. However, the former suffers from corrosion of the II–VI
powders especially when the composites were prepared at high tem-
peratures, causing serious PL quenching and even total de-activation of
the TM2+ dopants [8]. As such, only those ChGs with low melting
temperatures have been used as the host glasses (e.g., AseS, AseSeSe),
imposing considerable constraints on the compositional choices of
ChGs. The latter, on the other hand, is susceptible to uncontrollably
high optical losses due to the porosity nature of the hot-pressed com-
posites [13]. Very recently, capitalizing on the metastable characteristic
of glasses, we have proposed a new preparation method of II–VI crystal/
ChG glass ceramic composites based on the nucleation and crystal-
lization mechanism of ChGs [14,15]. It has been demonstrated that ZnS
NCs (< 100 nm) can be grown in the As2S3-ZnSe glass system upon
controlled thermal annealing [14]. The ZnS NCs/As2S3 glass ceramic
composites thus obtained retain good IR transparency, and are expected
to have limited optical losses [5,8]. However, the low solubility of ZnSe
(< 5mol.%) in As2S3 sets an upper limit of the crystallinity of II-VI
crystals, which appears to be a disadvantage in terms of the number of
MIR-active tetrahedral crystalline sites (viz., Zn2+ sites) indispensable
for Cr2+ emissions.
In the present work, a new glassy host is designed based on the
(100− x)Ge1.5As2S6.5 – x ZnSe (in mol.%) system, which allows for the
incorporation of a much larger content of the ZnSe compound (˜15mol.
%) before glass optical properties start to degrade [6]. The composition
was chosen taking into account of the following points: a) The
Ge1.5As2S6.5 is extremely thermally stable (no crystallization peak) as it
lies at the center of the glass forming region of the GeeAseS system
[16], and b) ZnSe can be more readily resolved in ChGs as compared
with ZnS. The latter with an extremely high melting temperature
(1850 °C) cannot be completely melted at the typical ChGs synthesize
temperatures (< 1000 °C). Melting at higher temperatures is not al-
lowed by the softening temperature (1100 °C) of the silica glass tube,
and the very explosive nature of the glass preparation [14].
This article is arranged in such a way that in the beginning, glass
forming ability, structure, and basic optical properties (including IR
transmission and refractive index) are characterized as a function of the
ZnSe content, and once the suitable base glass composition is found, the
Cr2+-doped glass samples are prepared and their photoluminescence
(PL) properties are studied.
2. Experiments
The base glasses were prepared by traditional melt-quenching
method: raw materials (Ge, As, S with 5N-purity, and ZnSe, CrCl2 with
4N-purity) were weighed according to the compositions:
(100− x)Ge1.5As2S6.5 – x ZnSe (x=0, 10, 15, 20, 30, in mol.%) and
85Ge1.5As2S6.5− 15ZnSe− 0.3CrCl2, and then melted at 950 °C for
12 h in an evacuated (10−3 Pa) silica glass tube. The 950 °C melts were
quenched in water and then thermally annealed at 180 °C for 5 h. The
annealing temperature and time were set both for releasing inner stress
and inducing crystallization in the glass. To avoid oxidization of Cr2+,
the weighing of the raw materials was carried out in a glove box purged
with inert gas, and the thermal annealing was also implemented under
vacuum.
The crystalline phase of the thermally grown NCs was measured
using an X-ray diffractometer (XRD, D/MAX 2550VB/PC, Rigaku
Corporation, Japan) with the Cu-Kα irradiation. The microscopic
morphology, particle size and distribution of the NCs were examined by
high angle annular dark field scanning TEM (HAADF-STEM) using FEI
Talos F200x, USA, operating at 200 kV and equipped with an energy-
dispersive spectrometer (EDS) system. The elemental mapping was
measured in the STEM-EDS mode [17]. TEM samples were prepared by
manual grinding to 200 μm thick and then processed by ion beam
milling technique (PIPS II system from GATAN) to about 40 nm thick
[18]. The glass structure was investigated by Raman spectra using a
Renishaw in Via Raman microscope (Renishaw, Gloucestershire, UK) at
an excitation wavelength of 532 nm. The glass transition and crystal-
lization temperatures were extracted from the DSC curves obtained
using a TA D2000 (New Castle, DE) under non-isothermal conditions
from room temperature to about 500 °C (773 K) with a linear ramp
heating rate of 10 K/min. X-ray photoelectron spectroscopy (XPS) was
measured by a Thermo Fisher Scientific ESCALAB 250Xi spectrometer
with an Al Kα X-ray source (hv=1253.6 eV). The binding energies
were referenced to the C 1s peak (Eb= 284.6 ± 0.1 eV).
Optical transmission spectra were measured by a Perkin-Elmer
Lambda 950 UV-VIS spectrophotometer from 500 to 2500 nm and by a
Bruker Tensor 27 Fourier transform infrared spectrophotometer (FTIR,
Ettlingen, Germany) from 2.5 to 15 μm. Mid-infrared refractive indices
were measured using an infrared variable angle spectroscopic ellips-
ometer (IR-VASE, J. A. Woollam Co.) with rotating analyzers. PL
spectra were measured by an Edinburgh FLS980 fluorescence spectro-
meter (Edinburgh Instruments), with the PL intensity corrected by the
instrumental response. The excitation source is a 1550 nm erbium-
doped fiber laser.
3. Results and discussion
As shown in Fig. 1, the samples remain completely amorphous until
Fig. 1. XRD patterns of (a) the (100− x) Ge1.5As2S6.5 – x ZnSe (x=0, 10, 15, 20, 30, in mol.%) samples annealed at 180 °C, and (b) the 85Ge1.5As2S6.5− 15ZnSe
sample annealed at different temperatures. Standard hexagonal β-ZnS crystal is shown at the bottom (JCPDF card No. 36-1450).
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the ZnSe content increases up to 15mol.% as reflected by the feature-
less broad XRD patterns. Further increase in the ZnSe content results in
the precipitation of pure hexagonal β-ZnS crystal according to the ap-
pearance of sharp diffraction peaks (JCPDF card No. 36-1450). The
result indicates that approximately 15mol.% ZnSe can be added in the
designed Ge1.5As2S6.5 glass host before crystallization. The crystallinity
(volume fraction of the crystalline phase) in samples with larger ZnSe
contents (e.g., ≥20mol.%) is about 4% as estimated by the ratio of the
area under the indexed crystallographic peaks to that under the whole
XRD patterns. The crystallinity is larger by more than four times of that
achieved in the As2S3-ZnSe system (less than 1%) [14]. Larger crys-
tallinities are favored for accommodating more MIR-active Cr2+ ions
and thus exhibiting stronger MIR PL, albeit at the expense of optical
transparency (Fig. 2).
The effect of annealing temperature on crystallization behavior was
studied using 85Ge1.5As2S6.5− 15ZnSe as an example. For this sample,
crystallization takes place only when the annealing temperature is
raised up to 250 °C. Comparing the intensities and bandwidths of the
diffraction bands corresponding to the β-ZnS crystal, it can be known
that the size and amount of the thermally grown crystals do not suffer
from significant changes in the temperature range of 250–350 °C, which
can be accounted for by the diffusion-limited crystallization as will be
discussed below.
For bulk materials, the more thermodynamically stable ZnS phase
below 1020 °C is the cubic one. However, it has been proved that stable
wurtzite phase can also exist for NCs synthesized at temperatures even
below 400 °C [19]. Although the exact mechanisms remain con-
troversial, that NCs contain much few stable defects have been assumed
to serve as nucleation sites for phase transformations. Besides, mor-
phology of the NCs also influences their phase stability. For example,
ZnS nanobelts are extremely stable in the wurtzite phase at low tem-
peratures [20]. The formation of β-ZnS in the studied GCs may be un-
derstood with respect to the shape similarities between nanobelts re-
ported previously and nanorods obtained in this work.
The optical transmission spectra of the samples are shown in
Fig. 2(a). The samples are homogenous and visible-light transmitting
even for the partially crystallized sample with the largest amount of
ZnSe (30mol.%, inset photo in Fig. 2(a)). They also exhibit good IR
transparency in the range of 2–8 μm. The overall transmission decreases
with the ZnSe content owing to the increased reflection as it is pro-
portional to the refractive index according to the Fresnel formula [14].
As shown in Fig. 2(b), addition of the heavy ZnSe compound (den-
sity= 5.26 g/cm3 [4]) raises the refractive index of the glass. The re-
fractive indices of the ZnS and ZnSe crystals are 2.26 and 2.44 [4],
respectively, therefore from the refractive index matching point of
view, samples with a larger content of ZnSe are preferred. However,
pronounced transmission losses especially in the visible and near-in-
frared (NIR) wavelength region happens at large contents of ZnSe
(e.g,> 20mol.%, inset in Fig. 2(a)). Benefiting from the broad glass
forming region of the Ge-As-S system, it is possible to have an optimized
index matching by tuning the glass composition, for example,
increasing the Ge content [21].
Both the short (inset in Fig. 2(a)) and long cut-off wavelengths of
the samples suffer from a red-shift towards longer wavelengths with the
ZnSe content. The short cut-off wavelength is subject to the average
electron affinity of anions and bond energy of the glass. It decreases
with decreasing affinity of anions (200 and 195 kJ/mol for S and Se,
respectively). The long cut-off wavelength, on the other hand, is pro-
portional to the average phonon energy of the glass, which decreases
with the ZnSe content as will be illustrated by Raman spectra shown
below (Fig. 4).
The characteristic glass transition temperature Tg which reflects the
network rigidity was measured for the samples as shown in Fig. 3. An
increasing tendency of Tg with the ZnSe content can be found. The
variation of Tg can be accounted for by the Gibbs and DiMarzio model
as [22]:
=
− < > −
Tg T
β r[1 ( 2)]
0
(1)
where T0 is the glass transition temperature of the pure polymer-like
chain (e.g., SeS chains), β is a system-dependent constant, < r > is the
average coordination number (CN) of the network. Such model predicts
an increase in Tg with< r> , which has indeed been confirmed by
many studies of ChGs provided that no phase separation is present
[23,24]. It has been previously validated by extended X-ray-absorption
final structure (EXAFS) study that zinc, the same as germanium, tends
to be four-fold coordinated in ChGs [25], and thus has a larger CN than
the three-fold coordinated arsenic. Consequently, addition of ZnSe
leads to the increase in< r> and Tg. At the largest ZnSe content
(30mol.%), however, Tg decreases, possibly due to the formation of Se8
molecular groups that tend to destroy the backbone of the network and
Fig. 2. (a) Transmission spectra and (b) re-
fractive index dispersion curves of the samples
(100− x) Ge1.5As2S6.5− x ZnSe (x=0, 10,
15, 20, 30, in mol.%) with a thickness of
2.0 mm. Insets in (a) are the digital photo of
the samples and the expanded part of the
spectra in the short cut-off wavelength. The
diamond in (b) indicates the refractive index of
ZnS crystal at 3 μm [4].
Fig. 3. Variation of glass transition temperature (Tg) with the ZnSe content (x).
Inset: DSC curve of the 85Ge1.5As2S6.5− 15ZnSe sample taken as an example.
X. Lu, et al. Journal of the European Ceramic Society 39 (2019) 3373–3379
3375
thus causing a decrease in Tg (Fig. 3) [24]. (c.f. Raman spectra shown
below, Fig. 4).
Reduced Raman spectra of the samples (free of thermal population
effects [26]) were measured to understand the variations of glass
structure (Fig. 4). The spectra below 200 cm−1 could not be measured
owing to the large undesirable background scattering. The spectra
mainly consist of four broad bands centered at ˜252, 340, 470 and
490 cm−1. The 252 cm−1 band involves overlapping of several vibra-
tional modes including the Zn-Se (252 cm−1), AsSe3/2 pyramids
(230 cm−1), Se8 rings (250 cm−1), and Zn-S units (219 and 273 cm−1)
[24,27]; The 340 cm−1 band contains contributions from the AsS3/2
pyramids (335 cm−1), and GeS4 (342 cm−1 and 383 cm−1) tetrahedra
[23]; The 470 cm−1 band stems from the S8 rings [23]; The 490 cm−1
band can be assigned to the S2AsS–SAsS2 units [23]. Because of the
strong overlapping of Raman peaks, a quantitative analysis by fitting
the Raman spectra using multi-peaks deconvolution proved to be un-
successful. Even so, general trends can be clearly noticed as the ZnSe
content increases: a) the 470 cm−1 band intensity drops dramatically,
b) the 252 cm−1 band intensity grows gradually, and c) the 340 cm−1
band slightly shifts to longer wavenumber (from 340 to 345 cm−1). The
results point out that the addition of ZnSe facilitates the formation of
the ZneSe, AseSe and ZneS bonds at the expense of the AseS and SeS
bonds [14].
Although the glasses were free of crystallization when the ZnSe
content was no more than 15mol.% (Fig. 1), the addition of Cr2+
(0.3 mol.%) caused significant crystallization with a large crystallinity
(˜ 5%) after annealing at 180 °C for 5 h. Both the XRD (Fig. 5(a)) and
TEM (Fig. 5(b)–(d)) measurements confirm that the precipitated crys-
tals are pure wurtzite β-ZnS. The thermally grown β-ZnS crystals are in
the nanorod shape of ˜150 nm in diameter and ˜1 μm in length
(Fig. 5(b)), and free of structural defects (Fig. 5(c)). The particle size is
larger than previously found in As2S3 ChGs (˜100 nm) [17], however, it
is considerably smaller than in samples prepared by the phosphor-in-
glass method (several micrometers) [5,6]. Smaller particle sizes are
favored for reduced optical losses. Such a limited growth of β-ZnS
crystals can be understood according to the microscopic distributions of
the elements in the sample as discussed below.
HAADF-STEM image of the Cr2+-doped sample, and its corre-
sponding STEM-EDS elemental mappings are given in Fig. 6. The en-
richment of the Zn (Fig. 6(b)) and Cr (Fig. 6(c)) elements in the pre-
cipitated particles provides straightforward evidence of formation of
ZnS: Cr2+ nanorods. Sulfur is homogeneously distributed (Fig. 6(d)),
while the distributions of the Ge (Fig. 6(e)), As (Fig. 6(f)) and Se
(Fig. 6(g)) elements are complementary to the Zn element. In other
words, the ZnS: Cr2+ nanorods are surrounded by a glassy layer rich in
Ge, As and Se. The crystal growth may be inhibited by a diffusion
barrier of the highly viscous, germanium and arsenic-enriched shell
[17,28].
Thanks to the limited crystallization, the sample retains good IR
transparency and more importantly shows the unique ultrabroadband
MIR emission of Cr2+ as shown in Fig. 7. The IR transparency of the
sample is much greater than obtained by the hot-pressing method (less
than 40%) [8]. However, the CrCl2 doping results in decreased trans-
mission, particularly in the visible and NIR wavelength region
(0.6–2 μm), because of the enhanced crystallization tendency upon the
CrCl2 doping. For random lasing application, a balanced degree of
scattering between crystal grains is required for stimulated emission
[12,29]. Because of the strong scattering, we failed to record the weak
absorption band of Cr2+ due to the 5T2→ 5E transition, as such ab-
sorption band of ZnS: Cr2+ reported previously is shown for demon-
stration (Fig. 7(a)) [3]. The valence state of Cr was investigated by XPS
measurement as shown in Fig. 7(b). According to the XPS spectrum of
the 0.3mol.% CrCl2 doped sample, the binding energy of the Cr 2p3/2
peak is located at 573.8 eV, closely resembling that of Cr2+ doped ZnSe
(573.6 eV) [30], however, less than that of Cr2S3 (575.6 eV) and Cr2Se3
(574.5 eV) [31]. The result points out clearly that the dominating va-
lence state of Cr in the studied samples is Cr2+. In our previous studies,
it was found that ChGs were quite different from their oxide counter-
parts in that, they tended to provide a weak reducing chemical en-
vironment such that multi-valence dopants such as Mn, Eu and Bi ions
could exist in their low valence states like Mn2+, Eu2+ and Bi+ which is
benefited from the weak reducing atmosphere during glass synthesis
[32]. Besides, those Cr2+ ions incorporated in the ZnS nanorods may be
protected by the rigid structure of ZnS, and thus become less sensitive
to the outer oxidation environments.
The broad absorption band of Cr2+ peaking at 1690 nm promises a
number of viable pumping strategies such as using Er3+ or Tm3+ doped
high-power fiber lasers [3]. Here, a 1570 nm Er3+-doped fiber laser was
used as the pump source. An ultrabroadband MIR emission in the range
of 1800–2800 nm is observed at room temperature from the ChG glass
ceramic embedded with the ZnS: Cr2+ nanorods. The emission intensity
increases with the CrCl2 concentration until 0.3 mol.%, and con-
centration quenching occurs at the higher doping content of 0.5mol.%.
The emission is from the 5E→ 5T2 spin-allowed transition of tetra-
hedrally coordinated Cr2+ ions (Fig. 7(c)). The emission band of the
sample investigated in this work closely resembles that of the hot-
pressed ZnS: Cr2+ transparent ceramics of particle sizes of 100–200 nm
[33]. The broad emission band of Cr2+ covers several characteristic
emission bands of RE ions such as the 1.8 μm of Tm3+ [17], and 2.1 μm
of Ho3+ [34], and partially covers the 2.7 μm of Er3+ [35]. This, to-
gether with the easy materialization of waveguiding based on ChGs
[35,36], offers the sample with the potential of being used as a MIR
light source for chemical sensing applications [35].
4. Conclusion
A new family of ChGs based on the (100− x) Ge1.5As2S6.5 – x ZnSe
system is found. As high as 15mol.% ZnSe can be added in the glass
without crystallization, and the resulting glass maintains good IR
transparency. The addition of ZnSe leads to the formation of the ZneSe,
AseSe and ZneS bonds at the expense of the SeS and AseS bonds, and
the increase in the glass transition temperature as well as the refractive
index. The CrCl2 doping facilitates the formation of the ZnS nanorods
after annealing at 180 °C for 5 h. The valence state of Cr is dominated by
Cr2+ ions which are well incorporated in the ZnS nanorods. The growth
of the ZnS: Cr2+ nanorods is inhibited by a diffusion barrier of the
germanium and arsenic-enriched glassy shell. Using a 1570 nm Er3+-
doped fiber laser as the pump source, an ultrabroadband MIR emission
in the range of 1800–2800 nm is observed at room temperature for the
first time, with an optimized CrCl2 doping concentration at 0.3mol.%.
Fig. 4. Reduced Raman spectra of the samples (100− x) Ge1.5As2S6.5− x ZnSe
(x=0, 10, 15, 20, 30mol.%) normalized with respect to the 340 cm−1 band.
Also shown are the assignments to separate bands.
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Fig. 5. (a) XRD patterns of the non-doped (15), 0.3 mol.% Cr2+-doped (15-0.3Cr2+) samples and the standard β-ZnS crystal; (b) Dark field TEM, (c) HRTEM images
and (d) selected area diffraction pattern of the 0.3 mol.% Cr2+-doped sample. The d-spacing and corresponding crystal lattice direction are shown in (c) and (d).
Fig. 6. (a) HAADF-STEM image of the 0.3 mol.% Cr2+ doped sample, and its corresponding STEM-EDS elemental mappings of (b) Zn, (c) Cr, (d) S, (e) Ge, (f) As, (g)
Se, with their concentrations reflected by the brightness in colors.
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